High fidelity homologous DNA recombination depends on mismatch repair (MMR), which antagonizes recombination between divergent sequences by rejecting heteroduplex DNA containing excessive nucleotide mismatches. The hMSH2-hMSH6 heterodimer is the first responder in postreplicative MMR and also plays a prominent role in heteroduplex rejection. Whether a similar molecular mechanism underlies its function in these two processes remains enigmatic. We have determined that hMSH2-hMSH6 efficiently recognizes mismatches within a D-loop recombination initiation intermediate. Mismatch recognition by hMSH2-hMSH6 is not abrogated by human replication protein A (HsRPA) bound to the displaced single-stranded DNA (ssDNA) or by HsRAD51. In addition, ATP-bound hMSH2-hMSH6 sliding clamps that are essential for downstream MMR processes are formed and constrained within the heteroduplex region of the D-loop. Moreover, the hMSH2-hMSH6 sliding clamps are stabilized on the Dloop by HsRPA bound to the displaced ssDNA. Our findings reveal similarities and differences in hMSH2-hMSH6 mismatch recognition and sliding-clamp formation between a D-loop recombination intermediate and linear duplex DNA. 
D
NA mismatch repair (MMR) ensures the fidelity of both DNA replication and homologous recombination (HR) (1, 2) and is responsible for DNA damage checkpoint signaling (3) . Cells deficient in MMR have a mutator phenotype characterized by an elevated spontaneous mutation rate and chromosome rearrangements. Alterations in human MMR genes predispose to Lynch syndrome or hereditary nonpolyposis colorectal cancer (LS/HNPCC) (4) .
MMR catalyzes a replication-coupled excision reaction that removes mispaired nucleotides from newly synthesized DNA (5, 6) . The mispaired nucleotides are recognized by the MutS homodimer in bacteria (7, 8) and by two partially redundant MutShomolog (MSH) heterodimers, MSH2-MSH6 and MSH2-MSH3, in eukaryotes (1, 9) . Sequence analysis indicates that MSH proteins are members of the ATP binding cassette (ABC) superfamily of ATPases (10) . Multiple crystal structures of the prokaryotic MutS and human hMSH2-hMSH6 revealed nearly identical, sometimes ADP-bound, clamp-like architectures that encircle a mismatchcontaining DNA (11) (12) (13) . Single-molecule studies have suggested that this initial clamp-like structure persists for a few seconds during the mismatch search and recognition process (14) . The structure of an ATP-bound MSH dimer has yet to be solved. However, numerous biochemical and single-molecule studies have demonstrated that mismatch recognition triggers ADP→ATP nucleotide exchange, which results in a conformational transition that converts the MSH dimer into an ATP-bound stable sliding clamp that disengages from the mismatch and freely diffuses on the adjacent dsDNA for 8-10 min (14) (15) (16) (17) (18) (19) (20) (21) . The formation of an ATP-bound MSH sliding clamp is followed by recruitment of MutL homologs (MLH/PMS) (22, 23) . With the exception of Gram-negative enteric bacteria such as Escherichia coli, the MLH/PMS of most species including the human hMLH1-hPMS2 contain an endogenous endonuclease activity required for processing the error-containing DNA strand (17, 24) .
RAD51 is the prototypical eukaryotic DNA strand exchange protein. It mediates strand invasion into homologous dsDNA during HR (25, 26) . If the parental DNAs contain sequence heterology, the strand-exchange process results in the formation of a mismatch-containing heteroduplex DNA (27) . A role for MMR in controlling recombination between divergent DNA sequences was initially suggested in λ heteroduplex transfection studies and then clearly demonstrated during intergeneric recombination between E. coli and Salmonella typhimurium (28, 29) . In these latter experiments, the recombination frequency between an Hfr donor increased nearly 10,000-fold when the F − recipient bacteria contained a mutation in one of the core bacterial MMR genes MutS, MutL, MutH, or UvrD (MutU) (29) . Subsequent studies in bacteria, yeast, and human cells have confirmed the central role of MMR in suppressing recombination between divergent sequences (termed: homeologous recombination)
Significance
Recombination between divergent DNA sequences (homeologous recombination) is generally suppressed to preserve cellular genetic integrity and to ultimately introduce genetic barriers between species. Decades of genetic and cell biology studies have identified the involvement of the mismatch repair (MMR) machinery in the quality control of homologous recombination. However, the molecular mechanism by which this remarkable control is achieved is unknown. Here, we report the biophysical reconstitution and analysis of the early steps in the rejection of divergent DNA sequences by the MMR machinery during recombination initiation. We have determined that the first responder of MMR, human MutS-homolog hMSH2-hMSH6, efficiently recognizes mismatches within a D-loop recombination initiation intermediate, even in the presence of recombination initiation proteins HsRAD51 and human replication protein A (HsRPA). (3, 30, 31) . This replication-independent function of MMR is critical for preventing potentially lethal or tumorigenic genome rearrangements such as chromosomal translocations, deletions, or inversions mediated by repetitive genomic elements (32) .
Despite the critical role of MMR in ensuring recombination fidelity, how heteroduplex rejection is initiated remains poorly defined. MutS and MutL inhibit RecA-catalyzed strand transfer between heterologous DNAs in vitro presumably by blocking the RecA-mediated branch migration (33) and act in concert with UvrD helicase to antagonize illegitimate recombination (34) . These studies brought forward the idea that the MMR proteins may operate in the context of the recombination intermediate, where the structure of the D-loop and the presence of the postsynaptic filament may interfere with the formation or stability of the MutS-mismatch complex. This idea, however, has not been confirmed directly. Moreover, the biochemical differences between bacterial RecA and human RAD51 recombinases may lead to differences in the initiation of the hetroduplex rejection reactions. Here, we have reconstituted the initial recognition step of human heteroduplex rejection by constructing mismatch-containing D-loop structures and examining their interaction with combinations of hMSH2-hMSH6, HsRPA, and HsRAD51 proteins. The data suggest a simple model that highlights the similarities and differences in downstream processing during postreplication MMR and heteroduplex rejection. hMSH2-hMSH6 recognizes eight possible mismatched nucleotide combinations, as well as a subset of single-nucleotide insertions/deletions (35, 36) . To ensure robust recognition, our model substrates contained a G/T mismatch surrounded by symmetric 3′-purines, a preferred target of hMSH2-hMSH6 (37) . We prepared a 90-bp dsDNA, which contained a (dT) 50 (Tables S1 and  S2 ). This D-loop structure represented a recombination intermediate in which an invading ssDNA formed a heteroduplex with the complementary strand of a recipient parental dsDNA whereas the remaining strand was displaced to form a D-loop. We also prepared a 90-bp linear dsDNA containing a G/T mismatch or A/T homoduplex with an identical location and sequence context to the duplex portion of the D-loop (L90 G/T and L90
A/T ) (Tables S1 and S2 ). All DNA substrates (except bio-flapD50 G/T ) were labeled with Cy3 at the 5′ terminus of the continuous "bottom" strand. All reactions contained 25 μM ADP.
As expected, an extremely weak binding of hMSH2-hMSH6 to L90 A/T DNA was observed by EMSA in the presence of ADP (Fig. 1A, Left) . In contrast, hMSH2-hMSH6 formed a stable complex with L90 G/T DNA (Fig. 1A, Right) . Similarly, we observed specific binding of hMSH2-hMSH6 to the mismatchcontaining D-loop DNA (Fig. 1B) . Although the shifted bands appear fainter than the free substrate, this difference in appearance is due to Cy3 quenching by the bound protein as similar amounts of DNA were detected following the extraction of the DNA and DNA-protein complex from the EMSA gel. We found that hMSH2-hMSH6 bound the L90 G/T and D50 G/T mismatch substrates with equivalent affinities (K D•L90 G/T = 29 ± 9 nM and
G/T = 16 ± 4 nM) (Fig. 1C) . hMSH2-hMSH6 bound L90
A/T and D50 A/T homoduplex DNA with significantly lower affinity. These results indicate that the D-loop structure does not impede mismatch recognition by hMSH2-hMSH6. The binding of hMSH2-hMSH6 to the Cy3 labeled L90 G/T is comparable with that previously reported for an 81-bp G/T mismatch containing substrate (K D = 20 ± 5 nM) (38) . This observation suggests that the 5′-Cy3, 45 nt away from G/T mismatch and 20 nt from the D-loop branch point, has little or no effect on the mismatch recognition by hMSH2-hMSH6.
Previous structural studies have suggested that hMSH2-hMSH6 occludes between 20 and 25 bp around the mismatch, with a distinct polarity of the subunits relative to the mismatch (11, 38) . We found that, in the presence of ADP, hMSH2-hMSH6 specifically binds to mismatch-containing D-loop substrates of different sizes and different mismatch orientation with comparable affinities (Fig. S1 ), suggesting that hMSH2-hMSH6 is capable of recognizing a broad range of D-loop substrates.
hMSH2-hMSH6 Sliding Clamp Is Constrained within the D-Loop but
Can Be Released at the D-Loop Branch Point. The ATP-dependent release of hMSH2-hMSH6 from the mismatch followed by diffusion along the adjacent duplex DNA is a critical step in MMR ( Fig. 2A) (15, 39, 40) . It was formally possible that the hMSH2-hMSH6 bound to a mismatch-containing D-loop might encompass both the heteroduplex and the displaced ssDNA strand. If true, the D-loop should not impede the dissociation of the ATPbound sliding clamp from the open ends. In contrast, if the interaction uniquely involves the heteroduplex region, the D-loop branch point might be expected to block the dissociation of hMSH2-hMSH6 ( Fig. 2A, D-loop) . To test whether the D-loop traps the ATP-bound sliding clamp, we first formed the stable D-loop·hMSH2-hMSH6 complex. We then challenged this complex with ATP (Fig. 2B) . Even a very low concentration of ATP easily provoked the release of hMSH2-hMSH6 from the L90 G/T (Fig. 2B, lanes 2-5) . The EC 50 •ATP = 5.9 ± 0.1 μM). It is important to note that the EC 50 for ATP and ATPγS serve as an indicator of sliding-clamp stability on DNA and account for a multistep process that starts with the ADP-ATP exchange by the mismatch-bound clamp and leads to the formation of the sliding clamp, and its subsequent dissociation promoted by ATP hydrolysis (21, 41, 42) .
Substituting ATP with the poorly hydrolyzable ATP analog, ATPγS had only a marginal effect on the hMSH2-hMSH6 release from the L90 G/T substrate. The EC 50•L90 G/T
•ATPγS was 1.39 ± 0.05 μM (Fig. S2) . This effect is similar to that previously reported for hMSH2-hMSH6 (21) and bacterial MutS (43) . It is likely that the sliding-clamp dissociation in the presence of ATPγS results from the clamp sliding of the dsDNA end, which may be prevented by blocking the ends of the duplex. As expected, ATP was much less effective at inducing the release of hMSH2-hMSH6 from the streptavidin-bound bio-L90 (14, 44) . We considered the possibility that the displaced ssDNA at the branch point of the D-loop may present a similar discontinuity that would provoke hMSH2-hMSH6 sliding-clamp release. First, we examined hMSH2-hMSH6 sliding-clamp release from the substrates in which both 5′ and 3′ ends of the invading DNA strand were blocked by biotin-streptavidin (SA) (Table S2) . Importantly, the presence of biotin or biotin-SA did not affect hMSH2-hMSH6 binding to the mismatched DNA (Fig. 2C, lanes 2 and 5) . The addition of ATP induced release of hMSH2-hMSH6 from bio-D50 G/T similar to that observed for D50 G/T (Fig. 2C, lane 3) . In contrast, ATP was 25-fold less effective at inducing the release of hMSH2-hMSH6 from the streptavidin-bound bio-D50 G/T , SA-D50 G/T (Fig. 2C , lanes 6-8 and These results are consistent with the conclusion that hMSH2-hMSH6 forms stable ATP-bound sliding clamps on the SA-D50 G/T DNA. The enhanced stability of hMSH2-hMSH6 on SA-D50 G/T DNA in the presence of ATP was consistent with the hypothesis that blocking the ends of the heteroduplex prevented hMSH2-hMSH6 contact with the strand scissions and/or the displaced ssDNA. To determine whether the strand scissions at the branch points promoted the dissociation of ATP-bound sliding clamps, we examined hMSH2-hMSH6 binding and stability on a mismatch-containing dual-T 15 hMSH2-hMSH6 from D50 G/T (Fig. 2D , lanes 1-5 and Fig. 2H ,
. Thus, elimination of the strand scissions at the branch points of the D-loop was not sufficient to stabilize an ATP-bound hMSH2-hMSH6 sliding clamp. Moreover, when the shorter heteroduplex region was flanked by the ssDNA gaps near the branch point of the D-loop ( Fig. S4 A and B), we observed an increase in the hMSH2-hMSH6 slidingclamp stability (EC 50• D50+20 G/T
•ATP = 41.4 ± 0.7 μM), suggesting that the structure of the D-loop branch point and not the presence of ssDNA at the junction induces hMSH2-hMSH6 dissociation.
To further confirm that hMSH2-hMSH6 sliding clamp does not slide of the ends of the D-loop, we tested its ATP-induced release from the D-loop with double-blocked ends (Table S2 ). The EC 50•SA-flapD50 G/T
•ATP was 7.7 ± 0.1 μM, which is almost identical to that determined for D50 G/T (Fig. S4 ) and for the dual flap containing D-loop Flap-D50 G/T (Fig. 2) . Remarkably, ATPγS was nearly 50-fold less effective in provoking hMSH2-hMSH6 release from the mismatch-containing D-loop ( To determine whether HsRPA affects mismatch recognition and/or hMSH2-hMSH6 sliding-clamp release from the mismatch-containing D-loop, we first examined the binding of HsRPA to D50 G/T by EMSA (Fig. S5) . At low concentrations of HsRPA, a single complex with reduced mobility was observed. As the protein concentration was increased, a second complex with even slower mobility became dominant. These results suggest that two RPAs were bound to the 50 nt displaced ssDNA of the D-loop, which is consistent with the ∼30-nt binding site size of RPA (45) . Using an EMSA assay, we demonstrated that hMSH2-hMSH6 bound D50 G/T ( (Fig. 2F, lanes 6-10) . These results indicate that HsRPA does not contribute positively or negatively to hMSH2-hMSH6 binding affinity. Moreover, these results confirmed that the displaced ssDNA of the D-loop is unlikely to be encompassed by the bound hMSH2-hMSH6 because the clamp cavity is clearly too small to encompass an HsRPA-bound displaced ssDNA: the dsDNA binding cavity of hMSH2-hMSH6 clamp is 24 Å × 32 Å × 38 Å (11), whereas RPA-ssDNA complex is ∼70 Å × 80 Å × 70 Å (46) . (Fig. 2C) , these results are consistent with the hypothesis that physical interaction with the D-loop branched structure including the displaced ssDNA contributes to hMSH2-hMSH6 sliding-clamp release.
Collectively, these results lead to the conclusion that hMSH2-hMSH6 efficiently binds mismatches within the heteroduplex region of a D-loop and that ADP→ATP exchange results in the formation of a stable ATP-bound sliding clamp capable of transiting the heteroduplex region. However, contact with the displaced ssDNA or with the branch points of the D-loop may provoke ATP hydrolysis that releases the hMSH2-hMSH6 sliding clamps.
Single-Molecule Analysis Reveals DNA Binding Dynamics of Individual hMSH2-hMSH6 Complexes. To quantify the binding kinetics of hMSH2-hMSH6 to the D-loop DNAs, we applied a TIRFM-based single-molecule colocalization analysis (47, 48) . To facilitate surface tethering, the C terminus of hMSH2 was modified to include a BirA recognition sequence that allows covalent incorporation of a biotin moiety (bio-hMSH2-hMSH6). The biohMSH2-hMSH6 was expressed in Sf9 insect cells with the E. coli BirA, and the biotinylated heterodimer was purified as previously described (42) . The bio-hMSH2-hMSH6 retained mismatched DNA binding activity comparable with that of the untagged protein (Fig. S6) . To mediate protein tethering and to triangulate surface-bound bio-hMSH2-hMSH6 molecules, we injected Cy5-labeled streptavidin into the TIRFM flow chamber coated with PEG and biotinylated PEG. Bio-hMSH2-hMSH6 (100 pM) was then immobilized on the Cy5-streptavidin/bio-PEG coated surface via a streptavidin-biotin interaction. The locations of surface-tethered hMSH2-hMSH6 molecules were then identified using a TIRF field illumination with a 641-nm red laser specific for exciting Cy5 (Fig. 3A, Left) . After 20 s, the laser was switched from red to green (532 nm) to monitor the binding of Cy3-labeled DNA substrates to the surface-tethered hMSH2-hMSH6 (Fig. 3A, Right) . When the surface-bound bio-hMSH2-hMSH6 was exposed to 1 nM Cy3-D50 G/T , about 100-300 fluorescence trajectories were observed that showed both Cy5 and Cy3 signals. On the contrary, very few (n < 10) trajectories displayed both Cy5 and Cy3 signals in the absence of bio-hMSH2-hMSH6, suggesting that the vast majority of binding events resulted from specific hMSH2-hMSH6-DNA interaction. A representative profile of a binding event with surface-bound biohMSH2-hMSH6 details the time-dependent appearance and disappearance of the Cy3-D50 G/T (Fig. 3B) . We examined the binding of L90 A/T , L90 G/T , D50 A/T , and D50 G/T DNA substrates to surface-tethered hMSH2-hMSH6 (Fig. S7 ). Individual fluorescence trajectories were easily fitted to a two-state binding and dissociation model, suggesting that each observed event corresponded to binding of a single Cy3-labeled DNA to a single surface-tethered hMSH2-hMSH6 molecule (Fig. S7C) . Because of the poor binding of hMSH2-hMSH6 to L90
A/T and D50 A/T homoduplex DNA, we were unable to collect the number of Cy3-DNA binding events sufficient to accurately fit the data (n < 20). Previously, Gorman et al. reported that Sacchromyces cerevisae ScMsh2-ScMsh6 heterodimer undergoes 1D diffusion on the homoduplex dsDNA with the apparent unidirectional diffusion rate of 820 bp/s (20) . Time resolution and the signal/noise (S/N) threshold of our experimental system exacerbated by the 90-bp length of the DNA substrates prevented accurate analysis of such transient interactions between hMSH2-hMSH6 and homoduplex DNA.
The dwell times of the bound state (τ on ) and the dwell times between binding events (τ off ) for hMSH2-hMSH6 interaction with the linear and D-loop mismatch-containing substrates (L90 G/T and G50 G/T ) were extracted from the individual trajectories, binned, and plotted as histograms. These histograms were fit to a single exponential decay (Fig. 3C) Table 1) . Binding affinities derived from the single-molecule analysis were similar to published surface plasmon resonance (SPR) studies (37) and were severalfold more avid than those determined by EMSA (Fig. 1C) . It is likely that EMSA underestimates the binding affinity due to dissociation of transient protein-DNA complexes during electrophoretic separation. As expected for the first order rate constant, the k off (and the respective "on" dwell time, τ on ) was independent of DNA concentration (Fig. 3D, Left) whereas the association rate (v on = 1/τ off = k on •[DNA]) displayed a linear dependence on the DNA concentration in the range between 0 and 1 nM DNA (Fig.  3D, Right, shaded portion) . results in the formation of a sliding clamp that is released from the mismatch and is capable of diffusion along dsDNA where it may encounter and dissociate from the D-loop branch point (Fig. 4A) . Unlike DNA binding in the absence of ATP (Fig. 3) , the distribution of τ on events in the presence of ATP could not be fit to a simple single exponential (Fig. 4B, Left) . Instead, the distribution could be roughly divided into two segments at about 50 s. The first segment (τ on ) (Fig. 4B ) follows a single exponential decay. The second segment (τ SC ) (Fig. 4B) represents longer dwelling species whose lifetime and decomposition likely reflect sliding-clamp (SC) formation that proceeds via multiple kinetic steps. The number of these steps is unclear, which precludes calculation of the respective rate constants and K D . Interestingly, the τ on•ATP (τ on •L90
G/T
•ATP = 4.9 ± 0.5 s and τ on•D50
•ATP = 8.6 ± 0.8 s in Table 1 Table 1 ). These results suggest that a large fraction of the DNA binding events in the presence of ATP are simple mismatch association-dissociation similar to those observed in the absence of ATP.
The number of long-lived binding intermediates (τ SC , (Table 1 ). Consistent with the EMSA studies, these observations suggest that protection of the exposed ssDNA loop by HsRPA or including the poorly hydrolyzable analog of ATP, ATPγS, enhances the stability of bound D-loop substrates. This ATPγS effect is D-loop structure specific because substitution of ATP with ATPγS on L90 G/T did not significantly affect the dwell time of the complex (Fig. 4 B and C and Table 1 ). Interestingly, the association rate constant (k on ) for the L90 G/T and D50 G/T DNA substrates decreased 6-to 10-fold in the presence of ATP (Fig. 4C and Table 1 ). This observation suggests that ATP may induce a transient conformation of hMSH2-hMSH6 that has reduced mismatch-binding activity. Indeed, ATPγS increases the k on ∼20-fold, suggesting that the hMSH2-hMSH6 must undergo complete hydrolysis of the bound ATP into the mismatch binding competent ADP-bound form, as proposed by previous studies (42) .
The Ability of hMSH2-hMSH6 to Bind a Mismatch Is Not Hindered by HsRAD51. The D-loop strand invasion intermediate of HR is expected to be coated with RAD51 nucleoprotein filament (NPF) in vivo, which then remains associated with heteroduplex after the strand exchange (49, 50) . To determine whether the postsynaptic human HsRAD51-dsDNA nucleoprotein filament affects mismatch recognition by hMSH2-hMSH6, we constructed a 28-bp duplex containing a single central G/T mismatch and corresponding homoduplex control (L28 G/T and L28 A/T ) ( Table  S2 ). These DNA substrates engender the binding-site size of hMSH2-hMSH6 and should be fully occluded by a single bound hMSH2-hMSH6 (11, 38) .
Adenosine nucleotide and salt affect the formation of an HsRAD51 NPF on duplex DNA (51). We used buffer conditions in which HsRAD51 bound to the 28-bp dsDNA with or without mismatch in the presence of ADP or ATP yielding slow migrating species in EMSA (52) . We found that hMSH2-hMSH6 did not bind to the HsRAD51-coated L28
A/T homoduplex DNA in the presence of ADP (Fig. 5A, lanes 1 and 2) or ATP (Fig. 5B, lanes  1 and 2) . In contrast, specific binding of the L28 G/T -mismatched DNA was readily observed in the presence of ADP (Fig. 5A, lane  6 and Fig. 5B, lane 10) but not in the presence of ATP (Fig. 5B,  lane 6) . When the HsRAD51·L28 G/T NPF complex was challenged with hMSH2-hMSH6 in the presence of ADP, the HsRAD51·L28 G/T NPF band was reduced to a faster migrating band that corresponded to the hMSH2-hMSH6-L28 G/T DNA complex (Fig. 5A, lanes 7-9) . This observation is consistent with the conclusion that hMSH2-hMSH6 efficiently competes for HsRAD51 binding to the mismatched DNA in the presence of ADP. A similar competition did not occur in the presence of ATP (Fig. 5B, lanes 7-9) . We consider at least two possibilities: (i) ATP enhances the stability of the HsRAD51 NPF, or (ii) ATP binding by hMSH2-hMSH6 converts it into a form that has reduced mismatch binding activity or into a sliding clamp that dissociates from the open end of the L28 G/T DNA substrate. Unfortunately, the EMSA-based studies were unable to resolve the large size of an HsRAD51-bound D-loop DNA substrate for similar hMSH2-hMSH6 binding studies.
Instead, we used smTIRFM analysis to examine the binding of HsRAD51-coated DNA substrates to the surface-tethered bio-hMSH2-hMSH6 (Fig. 5 C and D) . Under the binding conditions used in this study, HsRAD51 forms an NPF on the displaced ssDNA as well as the duplex or heteroduplex regions (52) . The histogram of τ on and τ off events for HsRAD51-D50 Table 1 ), suggesting that hMSH2-hMSH6 efficiently recognizes a D-loop containing a mismatch that is coated by the HsRAD51 NPF in the presence of ADP. The addition of ATP significantly increased both the τ on and τ off of HsRAD51-D50 G/T with hMSH2-hMSH6 ( Fig. 5D and Table 1) thereby decreasing both the association and dissociation rates of the complex. These results suggest that, in the presence of ATP, hMSH2-hMSH6 does not access the HsRAD51-coated D-loop containing a mismatch as efficiently as naked DNA or in the presence of ADP (k on decreases ∼3-and 18-fold, respectively) ( Table 1 ), suggesting that hMSH2-hMSH6 access to mismatch may rely on the dynamic nature of the postsynaptic RAD51 nucleoprotein.
Nevertheless, 20.6% of the HsRAD51-D50 G/T binding events to hMSH2-hMSH6 were long-lived (τ SC ) and appear to result in the formation of an ATP-bound sliding clamp that persists for nearly 6 min (Table 1) . Moreover, similar binding was observed when D-loops were produced by the HsRAD51-mediated invasion of a 50-mer oligonucleotide into ϕX-174 supercoiled DNA (Fig. S9 and Table S3 ). Of the ϕX-174/Cy3-50 G/T D-loop binding events to hMSH2-hMSH6, 14.1% were long-lived (τ SC ) and can be attributed to the formation of an ATP-dependent sliding clamp (Table S3) . Interestingly, binding events were observed for the ϕX-174 D-loop without mismatch (ϕX-174/Cy3-50 G/C ). These events likely represent transient mismatch-searching processes by hMSH2-hMSH6 on the substrate, which is more than 5,000 bp in length (14, 20) . The off dwell time distributions were fitted to double exponential in which τ off1 and τ off2 represent binding of Cy3-labeled ssDNA (4 nM) and D-loop (200 pM), respectively, because only τ off1 component was detected by removing supercoiled DNA from the reaction (Cy3-50 G/T + RPA + RAD51) (Table S3 ). In the presence of ADP and ATP, the k on2 were 2.5-and 30-fold faster than the k on for the HsRAD51-bound short synthetic D-loop obtained under identical conditions (Table 1  and Table S3 ). These results support previous studies that demonstrated that MSH proteins search and then bind to a DNA mismatch through a 2D sliding mechanism (14, (17) (18) (19) (20) . Taken as a whole, we conclude that hMSH2-hMSH6 recognizes mismatch within D-loop formed by RAD51 and is capable of forming an ATP-bound sliding clamp.
Discussion
HR is initiated by formation of a RAD51 NPF on ssDNA that is then followed by a homology recognition and strand exchange (25) . An important step ensuring the fidelity of this process is the assessment of sequence identity between paired strands of heteroduplex DNA (31, 53) . A large body of evidence has suggested that the MMR machinery plays a central role in rejecting heteroduplex DNA containing a mismatch and that this role is particularly important during repair of highly repetitive DNA and of the common fragile sites (1, 3, 54) . Here, we demonstrated that the first MMR responder in humans, hMSH2-hMSH6, is able to recognize a mismatch within the heteroduplex region of a D-loop recombination intermediate (Figs. 1 and 3) . Recognition of a mismatch-containing D-loop by hMSH2-hMSH6 readily occurs in the presence of HsRPA and HsRAD51, which are expected to be associated with this HR intermediate in vivo (Figs. 2 and 5) . At this point, it is not clear whether hMSH2-hMSH6 can displace RAD51 NPF. Additional factors such as RAD54 might be necessary to dissociate the RAD51 NPF from the newly formed heteroduplex dsDNA (55) . Alternatively, multiple events of hMSH2-hMSH6 loading may enhance disassembly of the dynamic RAD51 filament by a mechanism similar to hMSH2-hMSH6-mediated nucleosome remodeling (56) .
ATP binding by hMSH2-hMSH6 results in the formation of a sliding clamp that is released from the mismatch and diffuses along the DNA duplex (17, 21) . In the case of HR intermediates, the ATP-bound hMSH2-hMSH6 sliding clamp is confined within the mismatch-containing D-loop until it comes in contact with displaced ssDNA strand or with the branch points at the end of the D-loop (Figs. 2 and 4) . The stability of the trapped hMSH2-hMSH6 is greatly enhanced by blocking the ends of the heteroduplex region with biotin-streptavidin, including ATPγS instead of ATP, or sequestering the ssDNA loop by HsRPA. Our EMSA and TIRF ·ATP (see Table 1 for the analysis of all substrates). Binding events for these and all other substrates were separated as short 0-50 s and long-lived species (>50 s). (C) The fraction of long binding events >50 s for each substrate. (D) τ off for each substrate was determined by fitting the off time distributions to the single exponentials.
binding assays showed that ATP-bound hMSH2-hMSH6 sliding clamps on mismatch-containing D-loops are less stable than on a duplex DNA containing a mismatch and no other discontinuities (exemplified in our studies by the double-blocked dsDNA) ( Fig.  S4 and Fig. S9 ) consistent with the previous studies using SPR or TIRF system (14, 18, 42) . These results suggest that the mismatch processing during replication-coupled MMR is likely to be more efficient than heteroduplex rejection that blocks homeologous recombination. This observation has important implications for the DNA transactions that are implicit in Mendelian genetics because extremely efficient heteroduplex rejection during HR could eliminate all gene-conversion events and perhaps a substantial number of crossovers.
We note that the release of hMSH2-hMSH6 by a D-loop branch point is qualitatively similar to the observation that an ssDNA tail or gap on a mismatched duplex DNA provokes the release of a Thermus aquaticus TaqMutS sliding clamp (14, 44) . These results are consistent with the possibility that the release of hMSH2-hMSH6 is the result of branch point-induced ATP hydrolysis ( Fig. 2 and 4 ) that may open the sliding clamp. The ATPase domains of hMSH2 and hMSH6 contain nucleotide binding motifs of ABC ATPase superfamily (10) . A comparable arrangement of two complementing ABC ATPase domains is also observed in the DNA repair protein RAD50 (57), RecF (58) , and other SMC-related proteins. Interestingly, structural and functional studies of RAD50 and RecF suggest that both proteins use similar mechanisms of dsDNA boundary recognition (58) . Encountering ssDNA-dsDNA boundaries or dsDNA discontinuities induces conformational changes that may be important for regulating RAD50 and RecF interactions with protein partners and thereby for the downstream functional processes or signaling (59) . Thus, related ABC ATPases involved in DNA repair may retain general features that couple an encounter of dsDNA discontinuities to ATP processing and/or protein recruiting.
Combined with previous studies, the data presented here suggest a simple model that explains the similarities and differences in downstream processing during postreplication MMR and heteroduplex rejection (Fig. 6) . The initial mismatch recognition and sliding-clamp formation during both MMR and heteroduplex rejection depends on hMSH2-hMSH6 mismatch binding nucleotide exchange. Our data suggest that this process is identical whether the mismatch is within a duplex DNA or within the heteroduplex region of a D-loop coated with RPA and/or RAD51 ( Fig. 6 A and B) . During postreplication MMR, the ATP-bound hMSH2-hMSH6 sliding clamps encounter replication machinery such as PCNA and attract downstream MMR components such as hMLH1-hPMS2 and hExoI to complete the MMR excision reaction ( Fig. 6C) (5) . The mechanism by which hMSH2-hMSH6 distinguishes the mismatch-containing HR intermediate and activates downstream effectors of heteroduplex rejection is unknown. Ample genetic evidence suggests that UvrD helicase in E. coli and Sgs1 helicase in S. cerevisiae are involved in heteroduplex rejection (60, 61) . Msh2 localizes to recombination intermediates in vivo (62) , and subsequent heteroduplex rejection during single-strand annealing requires the Sgs1 helicase and Msh2-Msh6 (30). Moreover, the human RecQ family helicases BLM and WRN (63, 64) and FANCJ helicase (65) physically and functionally interact with the MMR-components. And a single G/T mismatch located ahead of the fork junction increased the efficiency of the hMSH2-hMSH6-dependent unwinding by WRN helicase (63) . This observation is consistent with the idea that, when an ATP-bound hMSH2-hMSH6 sliding clamp encounters a duplex-ssDNA junction, it may undergo structural changes that facilitate loading of the helicase. Similarly, ATP-bound hMSH2-hMSH6 sliding clamps with or without hMLH1-hPMS2 might recruit antirecombinogenic helicases that are specific for the duplex-ssDNA branch points where they may catalyze unwinding of the D-loop (Fig. 6D) . Further studies will be required to fully detail the mechanics of heteroduplex rejection and involvement of different MMR and HR components in this process.
Materials and Methods
Protein and DNA Substrates. hMSH2-hMSH6, biotinylated hMSH2-hMSH6, HsRPA, and HsRAD51 were expressed and purified as previously described (42, 52, 66) . Cy5-labeled streptavidin was purchased from GE healthcare and purified from excess of unincorporated dye by size exclusion chromatography using a Superdex 200 column. Oligonucleotide substrates were purchased from IDT. The sequences, modifications, D-loop configurations, and purification procedures for all substrates are shown in Tables S1 and S2 and SI Materials and Methods.
EMSA DNA Binding Assay. Indicated concentrations of hMSH2-hMSH6 were mixed with 10 nM Cy3-labeled DNA substrates in 10 μL of standard reaction buffer containing 20 mM Hepes (pH 7.5), 150 mM KCl, 2 mM MgCl 2 , 10% (vol/vol) Glycerol, 0.1 mg/mL BSA, 2 ng/μL poly(dI/dC), and 1 mM DTT. The reaction mixtures were incubated at 37°C for 5 min, supplemented with 25 μM ADP indicated and incubated for another 5 min at 37°C. The bound and free DNA species were resolved by the nondenaturing 3.5% polyacrylamide gel electrophoresis in TAE buffer [40 mM Tris-Acetate (pH 8.0) and 1 mM EDTA]. The gel was imaged using a Typhoon 9400 fluorescence imager (GE Healthcare) or ChemiDoc (Bio-Rad) by exciting and monitoring Cy3 fluorescence.
The fractions of mobility shifted substrate were quantified, plotted and analyzed using GraphPad Prism. The apparent equilibrium binding constants were obtained by fitting the data to the 1:1 binding equation:
where K D is the equilibrium dissociation constant, [DNA] is concentration of the DNA substrate (10 nM), and [MSH] is the concentration of hMSH2-hMSH6.
EMSA RAD51 Nucleoprotein Filament Binding Assay. To assemble HsRAD51 nucleoprotein filaments, 20 nM Cy3-labeled L28 G/T or L28 A/T were combined with 1.5 μM HsRAD51 protein and preincubated for 10 min at 37°C in a buffer containing 20 mM Hepes (pH 7.5), 150 mM KCl, 2 mM MgCl 2, 10% Glycerol, 0.1 mg/mL BSA, 2 ng/μL dI/dC DNA, 1 mM DTT, 1mM nucleotide (ATP or ADP), and the indicated concentration of HsRAD51. After preincubation, HsRAD51-coated DNA was challenged with indicated concentrations of hMSH2-hMSH6 and further incubated for 10 min at 37°C.
ATP Challenge Assay. The hMSH2-hMSH6-DNA complexes were assembled in the standard reaction buffer as described above for the EMSA-based binding assays. The hMSH2-hMSH6 release from the mismatch was then initiated by addition of ATP at indicated concentrations. The effective concentration of ATP for 50% hMSH2-hMSH6 release (EC 50 ) was determined by quantitating the EMSA bound fraction and fitting the curve to the following equation:
Single-Molecule Analysis. Bio-hMSH2-hMSH6 was immobilized on a PEG (Laysan Bio)-coated quartz slide via a streptavidin linkage to biotinylated PEG (Nectar Therapeutics). Cy5-labeled streptavidin (GE Healthcare) was used to triangulate possible locations of the immobilized hMSH2-hMSH6 protein on the microscope slide. The single-molecule standard reaction buffer consisted of 20 mM Hepes (pH 7.5), 150 mM KCl, 2 mM MgCl 2 , 10% Glycerol, 0.1 mg/mL BSA, 1 mM DTT, 1 mg/mL Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; Sigma-Aldrich), 1 mg/mL glucose oxidase (SigmaAldrich), 0.4% (wt/vol) D-glucose (Sigma-Aldrich), and 0.04 mg/mL catalase (Calbiochem). Immobilization of 100 pM Cy5-SA followed by addition of 100 pM biotinylated hMSH2-hMSH6 resulted in 100-300 surface-tethered hMSH2-hMSH6 molecules in the field of view. After Cy5-SA and bio-hMSH2-hMSH6 immobilization on the slide surface, Cy3-labeled DNA was added and incubated for 5 min at 25°C in the reaction buffer, in the presence of 100 μM nucleotide cofactor (ADP, ATP, or ATPγS as indicated in Table 1 ), HsRPA, and/or HsRAD51 before the start of data collection. In the case of mismatch-containing DNA, we routinely detected 100-300 fluorescence trajectories originating from the individual molecules of surface-tethered hMSH2-hMSH6 per slide. Prism-type TIRFM was used to excite fluorophores present on the streptavidin (Cy5) and DNA (Cy3) molecules. Cy3 and Cy5 fluorophores were excited by a DPSS laser (532 nm, 75mW; Coherent) and diode laser (640 nm, 100mW; Coherent), respectively. The fluorescence signals originated from the Cy3 and Cy5 dyes were collected by a water immersion 60× objective (Olympus), separated by a 630-nm dichroic mirror, passed through a 550-nm long-pass filter to eliminate laser scattering, and detected by EMCCD camera (Andor) with a time resolution of 100 ms. Single-molecule trajectories were extracted from the recorded video file by IDL software. An inhouse MATLAB program was used to confirm the presence of Cy5-labeled streptavidin and of multiple substrate binding/dissociation events in the extracted trajectories. After visually inspecting the acquired data and removing the initial section that corresponded to the red laser illumination, two-state model fitting was performed using the QuB software (State University of New York, Buffalo, NY). Ten frames (1 s) was set as the signal/ noise (S/N) threshold (longest undetected event) to cut off noise resulting from accidental appearance of the Cy3-labeled DNA within the evanescent field in the vicinity of the surface-tethered hMSH2-hMSH6. The extracted τ on and τ off dwell-time events were binned and plotted in Origin using the embedded binning algorithm to select the appropriate bin size. The resulting distributions were fitted to single exponentials using GraphPad Prism software to extract the kinetic parameters.
To test whether the Cy3 dye photobleaching influences our analysis, we immobilized biotinylated Cy3-labeled DNA molecules (bio-Cy3DNA) (Table S1 ) on a PEG-coated surface and measured Cy3 bleaching times under conditions identical to the hMSH2-hMSH6 experiments. The lifetime of the Cy3 dye was calculated to be τ bleaching = 164 ± 16 s, which is longer than most τ on dwell times. This time constant was used to calculate the actual binding times as τ bound ¼ τ on p τ bleaching τ bleaching − τ on :
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